This study investigates the disk drive dynamics when a disk surface deforms and a disturbance force is exerted on a pickup head in near-field optical disk drives. Serving as an actuator, a piezotube is connected to the suspension of the pickup head. A model is constructed to investigate the pickup head dynamics. Equations of motion for focusing and track-following are derived in the presence of disk surface deformation and the disturbance force on the pickup head. A proportional and derivative control method is carried out in numerical examples. There exists a critical proportional gain that influences the number of resonances in the frequency spectra. Numerical results show that there is only one resonance or none in the frequency spectra when the proportional gain is larger than the critical proportional gain. Hence, the tracking error ratio becomes smaller than one within a wide frequency range, if few resonances appear in the frequency spectra.
Introduction
In recent years, several types of optical data storage systems based on near-field optics have been proposed for nextgeneration ultra-high-density storage [1] [2] [3] [4] . A readout method using a near-field optical head, which consists of an aspheric lens and a solid immersion lens (SIL), has been proposed to read out 30 Gb (gigabytes) or more on a 12 cm disk. As depicted in figure 1 , it is necessary to maintain an air gap between the SIL bottom surface and the disk surface in a nearfield position so that an evanescent wave is detectable. It is also necessary to follow a track steadily on disks of a few tens of nanometer track pitch. Hence, the near-field optical disk drive (NFODD) adopts a flying pickup head structure to maintain the air gap and uses a voice coil motor to follow the track. However, since optical disks are generally made of a plasticbased material, the disk vibration amplitude will be severe. Therefore, in the near field the passive air bearing and voice coil motor hardly meet both the focusing and track-following requirements. 1 Author to whom any correspondence should be addressed. Wu and Liu [5] designed a PZT bender actuator in an NFODD to control the air gap.
In this study, a piezotube actuator is used to meet both air gap and trackfollowing requirements. Piezotubes have been used in nearfield microscopy such as in a scanning tunneling microscope (STM) [6] and scanning probe microscope (SPM) [7] to carry out scanning motion. The tube actuator offers a compact design, motion in three degrees of freedom, and low-cost construction. Therefore, this study uses a piezotube that connects to a suspension in the pickup head of an NFODD.
The effects of the disk surface deformation and disturbance force on pickup head dynamics are crucial for reducing tracking error in NFODD. The effect of air bearings on slider dynamics was analyzed by Tanaka et al [8] . Kim et al [9] studied disk vibration and rotating airflow in magnetooptical disk drives. Honchi et al [10] presented a contact model and investigated the slider vibration during slider-disk contact. Kim et al [11] designed a small optical flying head and investigated its flying stability and disk durability. Hong et al [12] investigated the dynamics of the head-disk assembly for small form factor optical disk drives. Kim et al [13] presented the flying stability of optical flying heads during loading/unloading. Since the proportional and derivative (PD) control method has advantages of fast response and low cost, this study investigates the performances of focusing and trackfollowing with PD control in the presence of disk surface deformation and disturbance force for pickup heads endowed with a piezotube actuator.
Dynamic model
A pickup head with a piezotube actuator in a near-field disk drive is shown in figure 1 . The head has to move along the xaxis for following data tracks on a disk, which is called trackfollowing motion. It also has to maintain along the y-axis an air gap between the pickup head and disk, which is called focusing motion. During reading/writing, the pickup head has to track a desired data track, which constitutes tracking motion. Furthermore, to match the lens focal length, the pickup head still cannot read/write data unless it can follow the vibratory deformation of a rotating optical disk and hence fly up and down along the y-axis. The flying height varies by tracking the disk deformation to maintain a stable distance for focusing. Based on the tracking motion approach, this study investigates both track-following and focusing motions in the frequency spectrum. Figure 2 shows a lumped model consisting of two masses, two springs and one damper to account for the dynamics among the piezotube, suspension, and pickup head. Figure 3 depicts a piezotube actuator excited in the x-direction by applying a voltage to one of outer electrodes. The equation of motion in lateral dynamics is written as [7] ρ A
with boundary conditions
where w = w(z, t) denotes displacement in the x-direction, ρ is the piezotube density, A is the cross-sectional area of the piezotube, c w is the damping coefficient, r o and r i are outer and inner radii of the piezotube,r = (r o + r i )/2, s E 11 is the elastic compliance in the long-axis direction of the piezotube,
is a moment generated at the tip of the piezotube that affects the lateral dynamics, V x is the applied voltage at the piezotube electrode, and d 31 denotes a piezoelectric strain/charge coefficient.
Using the method of separation of variables by letting w(z, t) = W (z)x(t), the lumped mass m 1 , damping c 1 , stiffness k 1 , and actuator force F a are obtained in the first mode, i.e. where m is the sum of the cap B mass and a part of the suspension mass, i.e. m = m cB + 0.6m s . The first mode shape W (z) of the lateral dynamics can be obtained from boundary conditions in equation (2) as [14] W (z) = C n (cos pz − cosh pz)
where C n is arbitrary and p = 4 [ρ As
. ω is the first mode natural frequency to be obtained by solving the characteristic equation
Denoting a lumped mass m 2 as a part of the suspension mass and a pickup head mass, i.e. m 2 = m p + 0.4m s , where m p denotes the pickup head mass, equations of motion according to figure 2 are written as
where x 1 is the cap B displacement, x 2 is the pickup head displacement, and k 2 denotes the suspension stiffness.
Tracking motion in the presence of disk surface deformation
Figure 4 depicts a model for tracking motion in the presence of sinusoidal deformation of the disk surface. This study defines the tracking error as e = r − x 2 , where r is the disk surface deformation. It is desired to minimize e(t) to facilitate data reading/writing in near-field optical disk drives. Assume disk surface deformation r as a sinewave of frequency ω a and amplitude A, i.e. r = A sin ω a t. Therefore, the tracking error resulting from disk surface deformation is a sinewave of the same frequency but different amplitude and phase, i.e. e a = E a sin(ω a t − θ a ). As a result, the displacement, velocity, and acceleration of the pickup head can be written as
Substituting equation (8) into (7) yields
This study describes a control force F a based on the PD control method. Hence,
where K a is a proportional gain and C a is a derivative gain. Substituting equations (8)- (10) into (6) yields
The ratio of amplitudes of E a and A is thus written as × ω
Corresponding to peak magnitudes in |E a |/| A|, letting the first term of the denominator in equation (12) be zero leads to roots
If
i.e.
then there are two resonant frequencies ω r1 and ω r2 . If
then there are repeated roots, i.e. ω r1 = ω r2 = ω r , where K ac and ω r are called critical the proportional gain and critical resonant frequency, respectively. Moreover, if
then the first term of the denominator in equation (12) is always positive, i.e. there is no resonance in the spectrum. From the first term of the numerator in equation (12), one obtains two anti-resonant frequencies, i.e. ω ar1 ω ar2 = 1 2
(18) Figure 6 . Effect of proportional gain K a on the error ratio in the presence of sinusoidal deformation of the disk surface with ζ a = 0.7.
In the low-frequency region, i.e. ω a < min(ω r1 , ω ar1 ), it follows from equation (12) that the tracking error is expressed by
In the high-frequency region, i.e. ω a > max(ω r2 , ω ar2 ), the tracking error ratio is near one. If the disk surface deformation is expressed by a finite discrete Fourier series, i.e. r (t) = N n=1 A n sin(nω 0a t − θ n ), one can obtain the tracking error in the finite discrete Fourier series form, i.e. e a (t) = N n=1 E na sin(nω 0a t − θ na ). Figure 7 . Effect of controller damping ζ a on the error ratio in the presence of sinusoidal deformation of the disk surface with
Tracking motion in the presence of disturbance force
where F d = B sin ωt is a disturbance force acting on the pickup head. Assuming no disk surface deformation, i.e. r = 0, the tracking error resulting from the disturbance is a sinewave of the same frequency but with different amplitude and phase, i.e. e b = E b sin(ω b t − θ b ). Hence,
Substituting equation (22) into equation (21) yields
This study denotes F a as a control force based on PD control; hence
Substituting equations (22)- (24) into equation (20) gives Accordingly, the ratio of amplitudes of E b and B is written as
The roots of the first term in the denominator of equation (26) are the same as those in equation (13) . Accordingly, the resonant frequencies obtained from equation (26) are similar to equation (12) . Dealing with the first term in the numerator of equation (26) leads to an anti-resonant frequency, i.e. In the low-frequency region, i.e. ω b < min(ω r1 , ω ar ), based on equation (26), the tracking error is written as
In the high-frequency region, i.e. ω b > max(ω r2 , ω ar ), the tracking error ratio decreases with increasing ω obtain the tracking error in finite discrete Fourier series form, i.e. e b (t) = N n=1 E nb sin(nω 0b t − θ nb ).
Numerical result
To carry out numerical simulation based on the previous theoretical derivation, the piezotube length is prescribed as 19.0 mm. Assuming the parameters listed in table 1, spectrum results of the error ratio in the presence of disk surface deformation are obtained by calculating equation (12) with L = 19.0 mm. The error ratio |E a |/| A| varies with the frequency ratio and the proportional gain K a as shown in figure 6 , where
The error ratio curves show two anti-resonances. A larger K a (at K a > K ac ) results in less tracking error and no resonance; i.e. the error ratio is always smaller than one. The variation of error ratios with the frequency ratio and the damping ratio ζ a at K a = K ac , K a = K ac /10 and K a = 10K ac are shown in figures 7-9, respectively. A larger ζ a generates less tracking error at K a = K ac and K a = K ac /10, but ζ a does not affect the error at K a = 10K ac since the three curves coincide in figure 9 . Furthermore, calculating equation (26) yields spectrum results of error ratios in the presence of a disturbance force. The error ratio |E b |/|B| varies with the frequency ratio and the proportional gain K a as shown in figure 10 , where larger K a results in less tracking error and no resonance. Figures 11-13 depict the error ratio varying with the frequency ratio and damping ratio ζ a at K a = K ac , K a = K ac /10 and K a = 10K ac . Accordingly, a larger ζ a decreases the error ratio more at K a = K ac and K a = K ac /10, but ζ a does not influence the error ratio at K a = 10K ac , since the three curves coincide in figure 13.
Conclusion
Based on tracking the motion spectrum, this study has investigated motion error during track-following and focusing for pickup heads in the presence of disk surface deformation and disturbance force with a piezotube actuator installed in the pickup head. In the tracking motion analysis applying PD control, there exists a critical proportional gain calculated from the piezotube and suspension assembly parameters. There is only one resonance or none in the frequency spectra when the proportional gain is larger than the critical proportional gain. No resonance implies that the tracking error ratio is smaller than one, which is demonstrated in figures 9 and 13. Moreover, the critical proportional gain is found to be more important than the controller damping.
